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We provide an overview of the host range, taxonomic classiﬁcation and genomic diversity of animal papillo-
maviruses. The complete genomes of 112 non-human papillomavirus types, recovered from 54 different host
species, are currently available in GenBank. The recent characterizations of reptilian papillomaviruses extend
the host range of the Papillomaviridae to include all amniotes. Although the genetically diverse papilloma-
viruses have a highly conserved genomic lay-out, deviations from this prototypic genome organization are
observed in several animal papillomaviruses, and only the core ORFs E1, E2, L2 and L1 are present in all
characterized papillomavirus genomes. The discovery of papilloma–polyoma hybrids BPCV1 and BPCV2,
containing a papillomaviral late region but an early region encoding typical polyomaviral nonstructural
proteins, and the detection of recombination breakpoints between the early and late coding regions of cetacean
papillomaviruses, could indicate that early and late gene cassettes of papillomaviruses are relatively
independent entities that can be interchanged by recombination.
& 2013 Elsevier Inc. All rights reserved.Host range of papillomaviruses
The majority of the established papillomavirus types are
human isolates, with 148 HPV types currently listed as Reference
Genomes for human papillomaviruses in the Papillomavirus Epis-
teme (http://pave.niaid.nih.gov). This is not surprising, since
humans are by far the most intensively studied species with
regards to papillomaviral infection. Although a comparable geno-
type diversity has not yet been discovered within single non-
human animal species, the introduction of the multiply primed
rolling-circle ampliﬁcation method for sequence-independent
ampliﬁcation of papillomaviral genomic DNA has led to an
exponential increase in the number of completely characterized
animal papillomavirus genomes over the last decade (Rector et al.,
2004b; Stevens et al., 2010). Many of these new papillomavirus
types are only distantly related to previously known types and
were classiﬁed in novel, close-to-root genera. To date, 112 distinct
non-human papillomavirus types have been genomically char-
acterized and are available on GenBank (Table 1). These are
distributed over 32 different genera, leaving only the genus
Gammapapillomavirus, Mupapillomavirus and Nupapillomavirus
to contain exclusively HPV types (Fig. 1). Within some well-studied
vertebrate species, such as cynomolgus macaques, domestic cows
and dogs, a multitude of different papillomavirus types have
already been discovered (MfPV1 to MfPV11, BPV1 to BPV13
and CPV1 to CPV15, respectively; Table 1), indicating that alsoll rights reserved.
. Rector).non-human vertebrate species could carry their own sets of
species-speciﬁc papillomavirus types. Whether humans, with their
extensive diversity of HPVs, will continue to occupy a unique
position among the papillomavirus host species, and if so which
factors contribute to this, remains an intriguing question that can
only be resolved by intensive investigation of individual non-
human species.
The non-human papillomavirus types known to date were
recovered from 54 different host species, belonging to 16 taxo-
nomic orders, and these include mostly mammals but also 3 bird
species (a parrot, a chafﬁnch and a frankolin) and 3 reptiles (a
python and two turtle species) (Table 1). Since papillomaviruses
have (so far) not been found in amphibians it is tempting to
speculate that the host range of papillomaviruses is restricted to
amniotes, a clade of tetrapods that have diverged from anamniotic
amphibians during the Carboniferous period of the late Paleozoic
Era (estimated at 330 million years ago) (Benton and Donoghue,
2007).
Transmission of papillomaviruses requires close cutaneous or
mucosal contact. Together with the species-speciﬁc nature of the
virus and the genomic stability of their double-stranded DNA,
this requirement for close physical contact makes it unlikely that
recent interspecies transmissions can account for the global
presence of a spectrum of papillomaviruses in many amniotes.
It rather indicates that early ancestors of the Papillomaviridae
were already infecting the earliest amniotes, and progeny virus
could have been passed on to more than 20,000 extant species of
the amniote clade, inhabiting virtually every habitat of the planet.
This would imply that papillomaviruses are one of the oldest and
largest viral families.
Table 1
Overview of genomically characterized non-human papillomaviruses.
Host species
taxonomic order
Host species Papillomavirus name Abbreviation
(previous)
Classiﬁcation # bp Accession
no.
Isolated from Reference
Artiodactyla European elk Alces alces Alces alces papillomavirus 1 AaPV1 (EEPV) Deltapapillomavirus 1 8095 M15953 Cutaneous ﬁbroma Ahola et al. (1986)
Yak Bos grunniens Bos grunniens
papillomavirus 1
BgPV1 Deltapapillomavirus 4n 7946 JX174437 Cutaneous
ﬁbropapilloma
Zhu et al. (2013)
Domestic cow Bos taurus Bos taurus papillomavirus 1 BPV1 Deltapapillomavirus 4 7945 X02346nn Cutaneous
ﬁbropapilloma
Chen et al. (1982)
Bos taurus papillomavirus 2 BPV2 Deltapapillomavirus 4 7937 M20219 Cutaneous
ﬁbropapilloma
Groff and Lancaster
(unpublished)
Bos taurus papillomavirus 3 BPV3 Xipapillomavirus 1 7276 AF486184 Cutaneous papilloma Terai et al. (2002)
Bos taurus papillomavirus 4 BPV4 Xipapillomavirus 1 7265 X05817 Oral/esophageal
papilloma
Patel et al. (1987)
Bos taurus papillomavirus 5 BPV5 Epsilonpapillomavirus 1 7841 AF457465 Udder ﬁbropapilloma Terai et al. (2002)
Bos taurus papillomavirus 6 BPV6 Xipapillomavirus 1 7296 AJ620208 Udder papilloma Jarrett et al. (1984)
Bos taurus papillomavirus 7 BPV7 Dyoxipapillomavirus 1n 7412 DQ217793 Teat papilloma and
healthy skin
Ogawa et al. (2007)
Bos taurus papillomavirus 8 BPV8 Epsilonpapillomavirus 1 7791 DQ098913 Cutaneous papilloma Tomita et al. (2007)
Bos taurus papillomavirus 9 BPV9 Xipapillomavirus 1 7303 AB331650 Teat papilloma Hatama et al. (2008)
Bos taurus papillomavirus 10 BPV10 Xipapillomavirus 1 7399 AB331651 Teat papilloma Hatama et al. (2008)
Bos taurus papillomavirus 11 BPV11 Xipapillomavirus 1 7251 AB543507 Cutaneous papilloma Hatama et al. (2011)
Bos taurus papillomavirus 12 BPV12 Xipapillomavirus 2n 7197 JF834523 Tongue epithelial
papilloma
Zhu et al. (2012)
Bos taurus papillomavirus 13 BPV13 Deltapapillomavirus 4n 7961 JQ798171 Ear cutaneous
papilloma
Lunardi et al. (2013)
Arabian camel Camelus
dromedarius
Camelus dromedarius
papillomavirus 1
CdPV1 Deltapapillomavirus 6n 7679 HQ912790 Cutaneous
ﬁbropapilloma
Ure et al. (2011)
Camelus dromedarius
papillomavirus 2
CdPV2 Deltapapillomavirus 6n 7906 HQ912791 Cutaneous
ﬁbropapilloma
Ure et al. (2011)
Domestic goat Capra hircus Capra hircus papillomavirus 1 ChPV1 Phipapillomavirus 1 7542 DQ091200 Healthy skin Van Doorslaer et al.
(2006)
Western roe deer Capreolus capreolus Capreolus capreolus
papillomavirus 1
CcaPV1 (RdPV1,
CcPV1)
Deltapapillomavirus 5 8032 EF680235 Cutaneous
ﬁbropapilloma
Erdelyi et al. (2008)
White-tailed deer Odocoileus
virginianus
Odocoileus virginianus
papillomavirus 1
OvPV1 (DPV) Deltapapillomavirus 2 8374 M11910nnn Cutaneous ﬁbroma Groff and Lancaster
(1985)
Domestic sheep Ovis aries Ovis aries papillomavirus 1 OaPV1 (OvPV1) Deltapapillomavirus 3 7761 U83594 Cutaneous
ﬁbropapilloma
Karlis et al.
(unpublished)
Ovis aries papillomavirus 2 OaPV2 (OvPV2) Deltapapillomavirus 3 7758 U83595 Cutaneous
ﬁbropapilloma
Karlis et al.
(unpublished)
Ovies aries papillomavirus 3 OaPV3 Dyolambdapapillomavirus 1 7334 FJ796965 Squamous carcinoma Alberti et al. (2010)
Reindeer Rangifer tarandus Rangifer tarandus
papillomavirus 1
RtPV1 (RPV) Deltapapillomavirus 1 8090 AF443292 Cutaneous
ﬁbropapilloma
Terai et al. (2002)
Domestic pig Sus scrofa
domesticus
Sus scrofa domesticus
papillomavirus 1
SsPV1 Dyodeltapapillomavirus 1 7260 EF395818 Healthy skin Stevens et al.
(2008b)
Carnivora Domestic dog (Shar Pei) Canis lupus
familiaris
Canis familiaris oral
papillomavirus
CPV1 (COPV) Lambdapapillomavirus 2 8607 D55633 Oral/cutaneous
papilloma
Delius et al. (1994)
Domestic dog (Golden
retriever)
Canis familiaris papillomavirus 2 CPV2 (CfPV2) Taupapillomavirus 1 8101 AY722648 Cutaneous papilloma
on footpad
Yuan et al. (2007)
Domestic dog (Rhodesian
ridgeback )
Canis familiaris papillomavirus 3 CPV3 Chipapillomavirus 1 7801 DQ295066 Malignant EV lesion Tobler et al. (2006)
Domestic dog (European
pug)
Canis familiaris papillomavirus 4 CPV4 Chipapillomavirus 2 7742 EF584537 Pigmented lesion Tobler et al.
(unpublished)
Domestic dog Canis familiaris papillomavirus 5 CPV5 Chipapillomavirus 1 7810 FJ492743 Pigmented plaque Lange et al. (2009a)
Domestic dog Canis familiaris papillomavirus 6 CPV6 Lambdapapillomavirus 3 8242 FJ492744 Inverted papilloma (Lange et al., 2009a)
Domestic dog Canis familiaris papillomavirus 7 CPV7 Taupapillomavirus 1 7955 FJ492742 In situ quamous cell
carcinoma
Lange et al. (2009a)
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Domestic dog (Dachshund-
mix)
Canis familiaris papillomavirus 8 CPV8 Chipapillomavirus 3n 7784 HQ262536 Pigmented plaque Lange et al. (2012b)
Domestic dog (mixed-breed
bloodhound)
Canis familiaris papillomavirus 9 CPV9 Chipapillomavirus 1n 7873 JF800656 Pigmented plaque Yuan et al. (2012)
Domestic dog Canis familiaris
papillomavirus 10
CPV10 Chipapillomavirus 3n 7774 JF800657 Pigmented plaque Luff et al. (2012)
Domestic dog Canis familiaris
papillomavirus 11
CPV11 Chipapillomavirus 1n 7828 JF800658nn Pigmented plaque Yuan et al.
(unpublished)
Domestic dog Canis familiaris
papillomavirus 12
CPV12 Chipapillomavirus 1n 7890 JQ754321 NR Yuan et al.
(unpublished)
Domestic dog (mixed-breed
dog)
Canis familiaris
papillomavirus 13
CPV13 Taupapillomavirus 2n 8228 JX141478 Oral papilloma Lange et al. (2012a)
Domestic dog (Golden
retriever)
Canis familiaris
papillomavirus 14
CPV14 Chipapillomavirus 3n 7826 JQ701802 Pigmented plaque Lange et al. (2013b)
Domestic dog Canis familiaris
papillomavirus 15
CPV15 Chipapillomavirus 3n 7776 JX899359 NR Yuan et al.
(unpublished)
Spotted hyena Crocuta crocuta Crocuta crocuta
papillomavirus 1
CcrPV1 Lambdapapillomavirus n 8344 HQ585856 Oral papilloma Stevens et al. (2013)
Domestic cat (short-haired
Persian cat)
Felis catus Felis catus papillomavirus 1 FcaPV1 (FdPV1) Lambdapapillomavirus 1 8300 AF480454 Cutaneous papilloma Tachezy et al.
(2002a)
Domestic cat Felis catus papillomavirus 2 FcaPV2 (FdPV2) Dyothetapapillomavirus 1 7899 EU796884 Pigmented plaque Lange et al. (2009b)
Bobcat Lynx rufus Lynx rufus papillomavirus 1 LrPV1 Lambdapapillomavirus 1 8233 AY904722 Oral papilloma Rector et al. (2007)
Asiatic lion Panthera leo persica Panthera leo persica
papillomavirus 1
PlpPV1 Lambdapapillomavirus 1 8103 AY904724 Oral papilloma Rector et al. (2007)
Raccoon Procyon lotor Procyon lotor
papillomavirus 1
PlPV1 Lambdapapillomavirus 4 8170 AY763115 Cutaneous papilloma Rector et al. (2005b)
Cougar (Florida panther) Puma concolor Puma concolor papillomavirus 1 PcPV1 Lambdapapillomavirus 1 8321 AY904723 Oral papilloma Rector et al. (2007)
Snow leopard Uncia uncia Uncia uncia papillomavirus 1 UuPV1 Lambdapapillomavirus 1 8078 DQ180494 Papilloma lower lip Rector et al. (2007)
Polar bear Ursus maritimus Ursus maritimus
papillomavirus 1
UmPV1 Omegapapillomavirus 1 7582 EF536349 Oral papilloma Stevens et al. (2008a)
California sea lion Zalophus
californianus
Zalophus californianus
papillomavirus 1
ZcPV1 Chipapillomavirusn 7584 HQ293213 Skin carcinoma Hoffman et al.
(unpublished)
Cetacea Short-beaked common
dolphin
Delphinus delphis Delphinus delphis
papillomavirus 1
DdPV1 Upsilonpapillomavirus 1 7852 GU117620 Penile wart Gottschling et al.
(2011)
Harbor porpoise Phocoena phocoena Phocoena phocoena
papillomavirus 1
PphPV1 Omikronpapillomavirus 1 7596 GU117621 Penile papilloma Gottschling et al.
(2011)
Phocoena phocoena
papillomavirus 2
PphPV2 Upsilonpapillomavirus 3 7635 GU117622 Penile papilloma Gottschling et al.
(2011)
Phocoena phocoena
papillomavirus 4
PphPV4 Dyopipapillomavirus 1 7348 GU117623 Penile papilloma Gottschling et al.
(2011)
Burmeister's porpoise Phocoena
spinipinnis
Phocoena spinipinnis
papillomavirus 1
PsPV1 Omikronpapillomavirus 1 7879 AJ238373 Genital papilloma Van Bressem et al.
(2007)
Bottlenose dolphin Tursiops truncatus Tursiops truncatus
papillomavirus 1
TtPV1 Upsilonpapillomavirus 1 8089 EU240894 Penile wart Rector et al. (2008)
Tursiops truncatus
papillomavirus 2
TtPV2 Upsilonpapillomavirus 2 7866 AY956402 Genital lesion Rehtanz et al. (2006)
Tursiops truncatus
papillomavirus 3
TtPV3 Upsilonpapillomavirus 1 7915 EU240895 Penile wart Rector et al. (2008)
Tursiops truncatus
papillomavirus 4
TtPV4 Upsilonpapillomavirus 1n 7792 JN709469 Genital lesion Robles-Sikisaka et al.
(2012)
Tursiops truncatus
papillomavirus 5
TtPV5 Omikronpapillomavirus 1n 7853 JN709470 Genital lesion Robles-Sikisaka et al.
(2012)
Tursiops truncatus
papillomavirus 6
TtPV6 Omikronpapillomavirus 1n 7895 JN709471 Genital lesion Robles-Sikisaka et al.
(2012)
Tursiops truncatus
papillomavirus 7
TtPV7 Upsilonpapillomavirus 1n 7783 JN709472 Normal genital
mucosa
Robles-Sikisaka et al.
(2012)
Chiroptera Common bent-wing bat Miniopterus
schreibersii
Miniopterus schreibersii
papillomavirus 1
MscPV1 unclassiﬁed 7632 JQ814848 Pharyngeal swab or
anal swab
Wu et al. (2012)
Miniopterus
schreibersii
Miniopterus schreibersii
papillomavirus 1 TT20F
MscPV1 TT20F unclassiﬁed 7531 JQ692938 Rectal swab Tse et al. (2012)
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Table 1 (continued )
Host species
taxonomic order
Host species Papillomavirus name Abbreviation
(previous)
Classiﬁcation # bp Accession
no.
Isolated from Reference
Rickett's big-footed Bat Myotis ricketti Myotis ricketti papillomavirus 1 MrPV1 unclassiﬁed 7339 JQ814847 Pharyngeal swab or
anal swab
Wu et al. (2012)
Egyptian fruit bat Rousettus
aegyptiacus
Rousettus aegyptiacus
papillomavirus 1
RaPV1 Psipapillomavirus 1 7970 DQ366842 Squamous carcinoma Rector et al. (2006)
Diprotodontia Brush-tailed bettong Bettongia penicillata Bettongia penicillata
papillomavirus 1
BpPV1 Dyokappapapillomavirus 1 7743 GU220391 Cutaneous papilloma Bennett et al. (2010)
Erinaceomorpha European hedgehog Erinaceus
europaeus
Erinaceus europaeus
papillomavirus 1
EePV1 (EHPV) Dyoetapapillomavirus 1 8256 FJ379293 Facial hair follicles Schulz et al. (2009a)
Galliformes Yellow-necked Frankolin Francolinus
leucoscepus
Francolinus leucoscepus
papillomavirus 1
FlPV1 (FLPV) Dyoepsilonpapillomavirus 1 7498 EU188799 Healthy skin Van Doorslaer et al.
(2009)
Lagomorpha New Zealand white rabbit
rabbit
Oryctolagus
cuniculus
Oryctolagus cuniculus
papillomavirus 1
OcPV1 (ROPV) Kappapapillomavirus 1 7565 AF227240 Oral papilloma Christensen et al.
(2000)
Cottontail rabbit Sylvilagus
ﬂoridanus
Sylvilagus ﬂoridanus
papillomavirus 1
SfPV1 (CRPV,
SPV)
Kappapapillomavirus 2 7868 K02708 Cutaneous papilloma Giri et al. (1985)
Passeriformes Common chafﬁnch Fringilla coelebs Fringilla coelebs
papillomavirus 1
FcPV1 (FPV) Etapapillomavirus 1 7729 AY057109 Cutaneous papilloma Terai et al. (2002)
Perissodactyla Domestic horse Equus ferus caballus Equus caballus papillomavirus 1 EcPV1 (EQPV) Zetapapillomavirus 1 7610 AF498323 Cutaneous papilloma Ghim et al. (2004)
Equus caballus papillomavirus 2 EcPV2 (EqPV2) Dyoiotapapillomavirus 1 7802 EU503122nn Equine genital
neoplasia
Scase et al.
(unpublished)
Equus caballus papillomavirus 3 EcPV3 Dyorhopapillomavirus 1n 7582 GU384895 Aural plaque Lange et al. (2011b)
Equus caballus papillomavirus 4 EcPV4 Dyoiotapapillomavirus 2n 7554 JQ031032 Vulval and inguinal
plaques
(Lange et al., 2013a)
Equus caballus papillomavirus 5 EcPV5 Dyoiotapapillomavirus 3n 7519 JQ031033 Aural plaque Lange et al. (2013a)
Equus caballus papillomavirus 6 EcPV6 Dyorhopapillomavirus 1n 7551 JQ965698 Aural plaque Lange et al. (2013a)
Equus caballus papillomavirus 7 EcPV7 Dyorhopapillomavirus 1n 7619 JX035935 Penile mass Lange et al. (2013a)
Primates Colobus monkey Colobus guereza Colobus guereza
papillomavirus 1
CgPV1 Alphapapillomavirus 14 8060 GU014532nn NR Wood et al. (2011)
Colobus guereza
papillomavirus 2
CgPV2 Betapapillomavirus 1 7686 GU014533 Cutaneous papilloma Wood et al., 2011
Cynomolgus macaque Macaca fascicularis Macaca fascicularis
papillomavirus 1
MfPV1 Betapapillomavirus 1 7588 EF028290 Cutaneous papilloma Joh et al. (2009)
Macaca fascicularis
papillomavirus 2
MfPV2 Betapapillomavirus 6 7632 GU014531 Cutaneous papilloma Wood et al. (2011)
Macaca fascicularis
papillomavirus 3
MfPV3
(RhPV-d)
Alphapapillomavirus 12 7935 EF558839 Cervical intra-
epithelial neoplasia
Chen et al. (2009)
Macaca fascicularis
papillomavirus 4
MfPV4 Alphapapillomavirus 12 7950 EF558841 Cervical intra-
epithelial neoplasia
Chen et al. (2009)
Macaca fascicularis
papillomavirus 5
MfPV5
(MfPV-a)
Alphapapillomavirus 12 7990 EF558843 Cervical intra-
epithelial neoplasia
Chen et al. (2009)
Macaca fascicularis
papillomavirus 6
MfPV6 Alphapapillomavirus 12 7943 EF558840 NR Chen et al. (2009)
Macaca fascicularis
papillomavirus 7
MfPV7 Alphapapillomavirus 12 8063 EF558838 NR Chen et al. (2009)
Macaca fascicularis
papillomavirus 8
MfPV8
(RhPV-a)
Alphapapillomavirus 12 8001 EF558842 Cervical intra-
epithelial neoplasia
Chen et al. (2009)
Macaca fascicularis
papillomavirus 9
MfPV9 Alphapapillomavirus 12 7988 EU490516 NR Chen et al. (2009)
Macaca fascicularis
papillomavirus 10
MfPV10 Alphapapillomavirus 12 7920 EU490515 NR Chen et al. (2009)
Macaca fascicularis
papillomavirus 11
MfPV11 (RhPV-
b)
Alphapapillomavirus 12 8014 GQ227670 NR Chen et al. (2009)
Rhesus macaque Macaca mulatta Macaca mulatta
papillomavirus 1
MmPV1 (RhPV1) Alphapapillomavirus 12 8028 M60184 Mucosal genital
carcinoma
Ostrow et al. (1991)
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Bonobo Pan paniscus Pan paniscus papillomavirus 1 PpPV1 (PCPV) Alphapapillomavirus 10 7902 X62844 Oral epithelial
hyperplasia
Van Ranst et al.
(1991)
Common chimpanzee Pan troglodytes Pan troglodytes
papillomavirus 1
PtPV1 (CCPV) Alphapapillomavirus 10 7889 AF020905 Oral epithelial
hyperplasia
Scinicariello et al.
(unpublished)
Hamadryas baboon Papio hamadryas
Anubis
Papio hamadryas papillomavirus
type 1
PhPV1 Alphapapillomavirus 12n 8008 JF304764 Cervical samples
(CIN1)
Bergin et al. (2013)
Psittaciformes African gray Parrot Psittacus erithacus Psittacus erithacus
papillomavirus 1
PePV1 (PePV) Thetapapillomavirus 1 7304 AF502599 Cutaneous papilloma Tachezy et al.
(2002b)
Rodentia Wood mouse Apodemus
sylvaticus
Apodemus sylvaticus
papillomavirus 1
AsPV1 Pipapillomavirus 2n 7589 HQ625440 Normal skin (ear) Schulz et al. (2012)
North American porcupine Erethizon dorsatum Erethizon dorsatum
papillomavirus 1
EdPV1 Sigmapapillomavirus 1 7428 AY684126 Cutaneous papilloma Rector et al. (2005a)
Natal multi-mammate
mouse
Mastomys
natalensis
Mastomys natalensis
papillomavirus 1
MnPV1
(MrPV, MmPV)
Iotapapillomavirus 1 7687 U01834 Cutaneous papilloma Tan et al. (1994)
Southern multimammate
mouse
Mastomys coucha Mastomys coucha
papillomavirus 2
McPV2 Pipapillomavirus 2 7522 DQ664501 Skin carcinoma Nafz et al. (2008)
Syrian golden hamster Mesocricetus
auratus
Mesocricetus auratus
papillomavirus 1
MaPV1 (HaOPV) Pipapillomavirus 1 7647 E15111 Oral papilloma Iwasaki et al.
(unpublished);
patent JP
1998042875-A 6
Eurasian harvest mouse Micromys minutus Micromys minutus
papillomavirus 1
MmiPV1
(MmPV1)
Pipapillomavirus 2 7393 DQ269468 Cutaneous papilloma Van Doorslaer et al.
(2007)
Laboratory mouse Mus musculus Mus musculus papillomavirus 1 MmuPV1 Pipapillomavirus 2 7510 GU808564 Cutaneous papilloma Joh et al. (2011)
Deer mouse Peromyscus
maniculatus
Peromyscus maniculatus
papillomavirus 1
PmPV1 unclassiﬁed 7704 JF755418 Feces Phan et al. (2011)
Norway rat Rattus norvegicus Rattus norvegicus
papillomavirus 1
RnPV1 Pipapillomavirus 2 7378 GQ180114 Normal oral mucosa Schulz et al. (2009b)
Rattus norvegicus
papillomavirus2
RnPV2 Iotapapillomavirus 2n 7724 HQ625441 Rectal smear Schulz et al. (2012)
Sirenia Florida manatee Trichechus manatus
latirostris
Trichechus manatus latirostris
papillomavirus 1
TmPV1 Rhopapillomavirus 1 7722 AY609301 Cutaneous papilloma Rector et al. (2004a)
Trichechus manatus latirostris
papillomavirus 2
TmPV2 Rhopapillomavirus 1n 7855 JN709473 NR Wellehan et al.
(unpublished)
Squamata Diamond python Morelia spilota
spilota
Morelia spilota papillomavirus 1 MsPV1 Dyomupapilloamvirus 1n 7048 HQ262535nn Pigmented papilloma-
like lesion
Lange et al. (2011a)
Testudines Loggerhead sea turtle Caretta caretta Caretta caretta papillomavirus 1 CcPV1 Dyozetapapillomavirus 1 7020 EU493092 Cutaneous papilloma Herbst et al. (2009)
Green seaturtle Chelonia mydas Chelonia mydas
papillomavirus 1
CmPV1 Dyozetapapillomavirus 1 6953 EU493091 Cutaneous
ﬁbropapilloma
Herbst et al. (2009)
NR: Not reported.
n Classiﬁcation not yet approved by ICTV.
nn A revised sequence is available on the PaVE website (http://pave.niaid.nih.gov).
nnn E2 was resequenced and is available under accession number AY803295.
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Fig. 1. Phylogenetic relationships between all established papillomavirus types, demonstrating their classiﬁcation. The phylogenetic tree is based on an L1 nucleotide
sequence alignment of all characterized papillomavirus types (the 112 non-human animal papillomaviruses listed in Table 1 and 148 HPV types listed as Reference Genomes
for human papillomaviruses in the Papillomavirus Episteme (http://pave.niaid.nih.gov)) and the BPCVs. The sequence accession numbers for the non-human and human PV
types are listed in Table 1 and on the PaVE website respectively. Revised sequence data were used as indicated in the Papillomavirus Episteme. For BPCV1 and BPCV2, the
accession numbers are EU069819 and EU277647, respectively. Sequences were aligned at the amino acid level with ClustalW and translated back to nucleotide sequences in
DAMBE version 5.3.19 (Xia and Xie, 2001). The alignments were corrected manually in Genedoc version 2.7.00 (Nicholas et al., 1997). A maximum likelihood phylogenetic
tree based on the ﬁrst and second codon position was constructed in Mega 5.10, using the GTR+I model and taking into account rate heterogeneity over sites by including a
gamma distribution, which was selected as the model best ﬁtting the data (Tamura et al., 2011). Bootstrap support values were obtained for 100 replicates. Papillomavirus
species or genera containing only human PV types were collapsed using FigTree v1.4.0 (available at http://tree.bio.ed.ac.uk/software/ﬁgtree/) and are indicated by their
species or genus name. Arcs delineate the papillomavirus genera. Numbers at internal nodes represent bootstrap percentages (only bootstrap values above 70% are shown).
The scale bar indicates the genetic distance (nucleotide substitutions per site). nClassiﬁcation not yet approved by the ICTV. nnCurrently unclassiﬁed.
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Fig. 2. Diversity in papillomavirus genomic organization. The genomic lay-out of representative papillomavirus (a–e) and BPCV (f) types is depicted by a linear
representation of the open reading frames and non-coding regions. The different ORFs are positioned as was reported in the genomic sequence deposited in GenBank
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papillomaviruses
The extensive family of genetically diverse papillomavirus
genotypes, isolated from a wide range of host species, shows a
remarkable conservation in overall genomic organization. The
typical architecture of the papillomaviral genome is depicted in
Fig. 2a, using the genome of BPV1 as a prototype. This genome
contains an E6, E7, E1, E2, E4, E5, L2 and L1 ORF, located in
different reading frames of the same strand of the ds genome.
A single non-coding region (NCR), also indicated as long controlregion (LCR) or upstream regulatory region (URR), containing the
replication origin as well transcriptional enhancer and promotor
sequences, is present in all papillomavirus genomes and is located
between the end of the L1 and the beginning of the ﬁrst ORF in the
early region (E6 in the case of BPV1). Notwithstanding a high
degree of conservation in genome lay-out, a number of reported
papillomaviruses show a deviating genomic organization, and only
the core ORFs E1, E2, L2 and L1 are present in all papillomavirus
genomes characterized to date.
Even though the E5 protein has been shown to be an important
factor in host-cell transformation (DiMaio and Mattoon, 2001),
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unlike the core ORFs, their presence is not essential in the
papillomavirus life cycle. For an in-depth review of E5 functions,
we refer to the corresponding chapter in this issue. E5 ORFs, or at
least a hydrophobic putative protein between the E2 and L2
region, are largely conserved in the genomes of artiodactyl
papillomaviruses in the genus Deltapapillomavirus, Epsilonpapil-
lomavirus and Dyodeltapapillomavirus (Bravo and Alonso, 2004;
Erdelyi et al., 2008; Lunardi et al., 2013; Tomita et al., 2007; Ure
et al., 2011; Zhu et al., 2013). A putative E5 ORF has also been
described in BPV4 (Patel et al., 1987) but in none of the other
ungulate papillomaviruses in the genus Xipapillomavirus, in most
(but not all) primate mucosal papillomaviruses of the genus
Alphapapillomavirus (Bergin et al., 2013; Chen et al., 2009;
Ostrow et al., 1991; Van Ranst et al., 1991; Wood et al., 2011), in
some (but not all) cetacean papillomaviruses of the Omikron- and
Upsilonpapillomavirus genera (Gottschling et al., 2011; Rector
et al., 2008; Rehtanz et al., 2006; Robles-Sikisaka et al., 2012;
Van Bressem et al., 2007), and in CPV2 (Yuan et al., 2007), CPV11
and UmPV1 (Stevens et al., 2008a). The rabbit papillomaviruses
OcPV1 and SfPV1 of the genus Kappapapillomavirus also contain a
putative E5 ORF, and they additionally encode an E8 protein with
transforming capacity, which is functionally similar to the E5
oncoprotein of genital HPVs (Christensen et al., 2000; Giri et al.,
1985; Han et al., 1998; Hu et al., 2004; Nonnenmacher et al., 2006).
The absence of an authentic E6 ORF has been reported for the
bovine papillomaviruses of the Xipapillomavirus genus, formerly
indicated as subgroup B BPVs (BPV3, BPV4, BPV6, BPV9, BPV10,
BPV11 and BPV12; represented by BPV3 in Fig. 2b) (Jackson et al.,
1991). An alternative early ORF preceding E7 has, however, been
identiﬁed in these papillomavirus genomes. This might encode a
protein functionally similar to E6, since it has been shown to have
transforming properties, at least in the case of BPV4 (O'Brien and
Campo, 1998). It was originally indicated as E8 in the case of BPV3,
BPV4 and BPV6, but it was later suggested that the BPV4 E8 should
be considered as an E5, based on its functional similarity to the E5
of BPV1 (Morgan and Campo, 2000). However, others have argued
that the E8 nomenclature should be continued, since the ORFs are
not homologs (Narechania et al., 2004).
The lack of an identiﬁable E7 ORF was ﬁrst reported for PsPV1
(Fig. 2c), a papillomavirus causing genital warts in Burmeister's
porpoises. The typical LXCXE motif, part of the critical pRB binding
domain in E7, could, however, be identiﬁed in a short (26 amino
acids long) ORF overlapping the PsPV1 E1. Although this ORF does
not possess an in-frame proximal ATG, the corresponding protein
could putatively be encoded from a spliced transcript, and could
be a remnant of an ancestral full-length E7 (Terai et al., 2002; Van
Bressem et al., 2007, 1999). The absence of a canonical E7 ORF later
showed to be a common feature shared by all cetacean papillo-
maviruses characterized to date, irrespective of their taxonomic
classiﬁcation: TtPV1, TtPV2, TtPV3, TtPV4, TtPV7, DdPV1 and
PhpPV2, belonging to the Upsilonpapillomavirus genus, PsPV1,
PhpPV1, TtPV5 and TtPV6 of the Omikronpapillomavirus genus,
and PphPV4 of the genus Dyopipapillomavirus all lack the E7 ORF.
Only in the case of TtPV6 the presence of a putatively functional
LXCXE pRB binding motif, embedded in the E6 protein, was
reported (Robles-Sikisaka et al., 2012). Other papillomaviruses
lacking a classical E7 ORF are the polar bear's UmPV1 of the
Omegapapillomavirus genus (Stevens et al., 2008a) and the cur-
rently unclassiﬁed MrPV1 of the Rickett's big-footed bat (Wu et al.,
2012).
When the avian papillomaviruses PePV1 and FcPV1 were
isolated, initial genome analysis showed the absence of both a
canonical E6 and E7 ORF in the early region. Instead, two novel
ORFs were identiﬁed: one in front of the E1 ORF, containing some
conserved E7 motifs, and one overlapping with the E1 ORF whichdid not show any similarity to known papillomavirus proteins
(Tachezy et al., 2002b; Terai et al., 2002). Re-analysis of the avian
papillomaviral genomes after the discovery of a third bird papillo-
mavirus, FlPV1, however, demonstrated that an aberrant E6,
composed of one instead of two zinc-binding domains, is present
in the FcPV1 and FlPV1 genome, but not in PePV1 (Fig. 2d).
A somewhat unusual E7 ORF could also be identiﬁed in all three
avian papillomaviruses, and they all contain a putative E9 or X ORF,
not found in mammalian papillomaviruses, which is however fully
embedded within the E1 ORF and therefore possibly does not code
for a truly expressed and functional protein (Van Doorslaer et al.,
2009).
An aberrant genomic layout is also found in the carnivore
papillomaviruses belonging to the genus Lambdapapillomavirus
(represented by FcaPV1 in Fig. 2e). The presence of a second non-
coding region (NCR2) with a size of 1 to 1.5 kb between the early
and late protein region, in addition to the classical URR (NCR1)
between the end of L1 and the start of E6, is a unique feature of the
members of this genus. No recognizable E1 binding site, E2
binding site, or other regulatory and promoter element could be
identiﬁed in this NCR2. We have previously speculated that the
NCR2 regions of all members of the Lambdapapillomavirus genus
share a common evolutionary origin, having arisen in their
common ancestor either through an early integration event with
a DNA sequence of unknown function and origin, or through
duplication of a part of the papillomavirus genome with subse-
quent loss of its superﬂuous function, the latter possibility, how-
ever, being unlikely since there is no detectable similarity of the
NCR2 to any other region of the papillomavirus genome (Rector
et al., 2007). A 1172 bp non-coding region between the E2 and the
L2 open reading frames has also been described for the European
hedgehog EePV1, but homology with the NCR2 from Lambdapa-
pillomaviruses is unlikely given their distant evolutionary relation-
ship (Schulz et al., 2009a). It is therefore more likely that the
EePV1 NCR2 is the result of an independent integration event in a
virus of the EePV ancestral lineage.Papilloma–polyomavirus hybrids: BPCV1 and BPCV2
In the marsupial species Western barred bandicoot (Perameles
bougainville), animals suffering from a progressively debilitiating
cutaneous and mucocutaneous papillomatosis and carcinomatosis
syndrome were found to harbor a novel prototype of viruses with
both papillomaviral and polyomaviral properties (Woolford et al.,
2007). This Bandicoot Papillomatosis and Carcinomatosis Virus
(BPCV1) has a unique genomic organization in that it combines a
papillomaviral late region encoding canonical L1 and L2 structural
proteins, and an early region containing ORFs that encode the
typical polyomaviral nonstructural proteins large T antigen and
small t antigen (Fig. 2f). Other polyomaviral genomic features
include the encoding of structural and nonstructural proteins on
different strands of the double-stranded circular DNA genome,
whereas the large genomic size of BPCV1 (7.3 kb) is more similar
to that of papillomaviruses than to that of polyomaviruses.
The fact that BPCV1 viral sequences were detected in the vast
majority of epithelial lesions associated with the papillomatosis
and carcinomatosis syndrome, but not in tissue samples or skin
swabs from clinically normal animals, points towards an etio-
logical role of the virus in the development of this syndrome
(Woolford et al., 2007).
Shortly after the identiﬁcation of BPCV1, a second BPCV
(BPCV2), displaying similar genomic characteristics combining
features of papilloma- and polyomaviruses, was detected in multi-
centric papillomatous lesions from a southern brown bandicoot
(Isoodon obesulus) (Bennett et al., 2008).
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identity with the L1 ORF of the Bettongia penicillata papillomavirus
type 1 (BpPV1) of the brush-tailed bettong, the only marsupial
papillomavirus that has been characterized to date (Bennett et al.,
2010). Based upon the L1 nucleotide similarity between BPCV1
and BpPV1 (580 nucleotide substitutions over a 1535 bp unam-
biguously aligned region), and using the average L1 mutation rate
that was estimated for lambdapapillomaviruses (Rector et al.,
2007), it can be estimated that the late ORFs of BPCV1 last shared
a common ancestor with those of BpPV1 approximately 34.4
million years ago (95% CI 26.9–49.9 mya). Their marsupial hosts
are thought to have diverged from a common ancestor during the
Eocene (around 34–56 mya). The current hypothesis on the origin
of the BPCVs is that they are the result of an ancient recombination
event between members of the Papillomaviridae and of the
Polyomaviridae, at least 10 mya, and potentially as much as
50 mya, in which a papillomavirus provided the late-region
structural gene cassette, and a polyomavirus delivered the early-
region non-structural gene cassette to the recombinant virus. This
ancestral papilloma–polyoma hybrid virus would have since
undergone virus-host codivergence, resulting in the extant BPCV1
and BPCV2.The cetacean papillomaviruses: evidence for recombination
For a long time, evolution of papillomavirus genomes was
assumed to proceed mainly through slow accumulation of point
mutations, and phylogenetic calculations are based on these point
mutational differences only. Host-linked codivergence, which is
considered to be the most important mode of papillomavirus
diversiﬁcation, has been conﬁrmed for the feline papillomaviruses
belonging to the Lambdapapillomavirus genus: maximum like-
lihood and Bayesian phylogenetic analyses demonstrated that the
evolutionary relationships between feline papillomaviruses per-
fectly mirror those of their feline hosts, despite a complex and
dynamic phylogeographic history. Based on the virus-host
co-speciation of these feline papillomaviruses, an overall evolu-
tionary rate of 1.9510−8 (95% conﬁdence interval 1.3210−8–
2.4710−8) nucleotide substitutions per site per year for the viral
coding genome was estimated by applying host species divergence
times (Rector et al., 2007).
Over the last decade, evidence for an additional, non-mono-
phyletic mode of evolution of papillomaviruses has accumulated.
Qualitative indications for a different evolutionary pattern of the
early and late genes of members of the Alphapapillomavirus genus
were provided by Bravo and Alonso (2004), and statistical analysis
of topology differences in the phylogenetic trees inferred from
different ORF alignments of the Alphapapillomaviruses provided
evidence for a phylogenetic incongruence at the putative high risk
node in the evolutionary tree (Narechania et al., 2005). These
ﬁndings support the occurrence of one or more early recombina-
tion events in the evolutionary history of this papillomaviral
lineage, although alternative explanations such as asymmetric
genome convergence driven by intense selection and/or ecological
niche changes could not be ruled out. The possibility of recombi-
nation within the genus Alphapapillomavirus was later conﬁrmed
with independent phylogeny-based statistical tests, which also
provided phylogenetic support for three additional ancient recom-
binations in the predecessors of PsPV1, HPV41 and HPV75 (Varsani
et al., 2006). More generally, a large scale analysis of papilloma-
virus genomes belonging to different established genera showed
that papillomavirus evolution is driven by multiple evolutionary
mechanisms, including the rare occurrence of ancient recombina-
tion events (Gottschling et al., 2007b). The fact that no well-
supported contradictions in the tree topologies of the early andlate papillomaviral genes were found when examining the phylo-
geny of the genus Betapapillomavirus, the second largest papillo-
mavirus genus, also indicates that recombination would occur only
exceptionally and concerted evolution of the early and late genes
should be considered the rule in the papillomavirus evolutionary
history (Gottschling et al., 2007a). Firm evidence for the occur-
rence of speciﬁc recombination events has, however, so far
only been reported for cetacean papillomaviruses, with recombi-
nation breakpoints closely corresponding to the regions between
the early and late genomic regions (Gottschling et al., 2011;
Rector et al., 2008; Robles-Sikisaka et al., 2012). Together with
the discovery of the BPCVs, this points toward an evolutionary
mechanism in which the early and late gene cassettes of papillo-
mavirus genomes are relatively independent entities that can
be interchanged by recombination, albeit that such events are
extremely rare.References
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